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ABSTRACT: The characteristics of intermolecular forces in 1-butyl-3-methylimidazolium 
Bis(trifluoromethylsulfonyl)imide + ethanol mixtures were studied in the full composition 
range using a combined experimental and theoretical approach. Molecular clusters were 
used to model the short-range interactions between the ionic liquid and the primary alcohol, 
studied using density functional theory calculations, inferring preferred interaction sites, 
strength of interactions and topological characteristics of intermolecular forces. Dynamic 
viscosity and refraction index were measured as a function of mixture composition and 
temperature and analysed in terms of evolution of intermolecular forces. Raman IR studies 
were carried out and the analysis of selected spectral regions allowed to characterize 
hydrogen bonding evolution for all the possible interacting sites.  
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Mixtures of Ionic liquids (ILs) + molecular solvents (MSs) have attracted attention in 
the literature [1,2,3,4,5,6,7], the main purpose of these studies was to analyse the evolution 
of intermolecular forces upon mixing [8,9,10] and its relationship with macroscopic 
thermophysical properties, and thus, for fine tuning the ILs properties [11,12,13]. The 
development of ILs+OSs mixtures is a suitable approach for controlling ion-ion 
intermolecular forces, fine tuning the physicochemical properties of the mixed solvents 
according to the needs for the considered technological applications. Likewise, ILs+OSs 
mixtures allows one to overcome some of the unsuitable properties of ILs, such as high 
viscosity, which can be modulated through the mixtures’ concentration [14,15,16]. 
MacFarlane et al. [17] have recently proposed ILs+MSs mixtures as the fourth evolution in ILs 
technologies because of the appearance of physical phenomena not present in pure ILs and 
the possibilities of developing new technologies. Regarding the physicochemical behaviour 
of  ILs+MSs mixtures, it should be remarked that they are different from common electrolyte 
solutions because often they are miscible in the full composition range. Likewise, the ion-ion 
interactions in ILs have a large orientational dependence [18], which leads to ILs+MSs 
mixtures with complex structuring at the nanoscopic level [19,20], with macroscopic 
properties not predictable using simple mixing rules [17,21], and thus with complex 
structure-property relationships [22,23,24,25]. 
The application of ILs+MSs has been considered in many technologies such as 
reaction media [26], electrolytes for batteries [27], polymerization [28], enzymatic processes 
[29], CO2 capture [30], cellulose solvents [31] or interfacial phenomena-related applications 
[32]. Likewise, ILs+MSs mixtures have been proposed to decrease solvents volatility, and 
thus to control hazards and toxicity of industrial solvents [33]. Another relevant application 
















involving complex intermolecular forces such as ethanol + water mixtures [35] in which the 
understanding of the involved IL / MSs intermolecular forces can provide the required tools 
for designing suitable IL entrainers. Despite of the technological interest on ILs+MSs 
mixtures, studies on the behaviour of these mixed fluids at the microscopic level are still 
scarce, which hinders to obtain relationships between molecular level features and 
macroscopic physicochemical properties. This is of a great relevance considering the large 
number of possible ILs, which combined with MSs and considering the suitability of 
developing ILs+MSs mixtures in the full composition range for many systems, leads to many 
possible mixtures which cannot be considered only from experimental approaches. 
Therefore, a systematic approach should be considered in which the main types of ILs and 
MSs are studied to infer the main characteristics of intermolecular forces as a function of the 
considered ions and functional groups in MSs and their effect on the structuring of mixed 
systems in the liquid state.  
 The available studies on ILs+MSs have considered several types of prototypical MSs 
such as acetone [36], acetonitrile [37] or dimethyl sulfoxide [38]. Regarding possible MSs for 
developing ILs+MSs mixtures, 1-alkanol is of great relevance as well [39,40]. The study of 
self-association in 1-alkanols by hydrogen bonding (homoassociation), the development of 
ion-alkanol hydrogen bonding (heteroassociation) and its effect on anion-cation interactions 
(hydrogen bonding and coulombic forces) and on ion-clustering, and the evolution the 
evolution of all these forces upon mixing with ILs in the full composition range leads to 
pivotal information on the evolution of different types of hydrogen bonding upon mixing 
[19]. This complex balance of intermolecular forces in ILs+alkanol solutions may lead even to 
micro- or mesoscopically heterogeneous mixtures [41,42]. Therefore, 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][Tf2N]) + ethanol (EtOH), Fig. 1, 
binary mixtures were studied in this work using a combined experimental and theoretical 
approach for contributing to the development of the knowledge database for ILs+MSs 
properties. [BMIM][Tf2N] ILs was selected because both anion and cation can develop 
hydrogen bonding, and thus EtOH molecules could develop hydrogen bonding with both 
ions. This possibility was checked in this work and its effect on anion-cation interactions 
were also analysed. Likewise, [BMIM][Tf2N] is a moderately viscous fluid (51.0 mPa s at 
298.15 K and 0.1 MPa) [43], which is a clear advantage when comparing with other ILs. Our 
















[BMIM][Tf2N]) + EtOH mixtures and some physicochemical properties are available in the 
literature elsewhere [44], where non-ideal behaviour with EtOH molecules developing 
hydrogen bonding with [Tf2N] anion but with anion-cation interaction through CH(2) site 
maintained in the full composition range were studied. In this work, the characteristic of 
short range interactions in [BMIM][Tf2N] + EtOH mixtures were theoretically analysed by 
using density functional theory (DFT) of molecular cluster, allowing to calculate the most 
suitable interaction sites according to interaction energies and topology. Likewise, dynamic 
viscosity and refraction index were measured in the full composition range because of the 
relationship of these properties with intermolecular forces. Spectroscopical studies using 
Raman IR were also carried out for a wide range of mixture concentrations to infer 
experimentally the mechanism of interactions and the evolution of hydrogen bonding. The 
reported results combined with previous studies lead to a full characterization of the studied 
system as a model of imidazolium-based ILs + primary alcohol mixtures. 
 
2. Methods 
 DFT calculations were carried out with Gaussian 09 [45] software for B3LYP [46,47] 
/6-31+G(d,p) theoretical level.  Previous literature studies have showed that B3LYP 
functional allowed a reasonably accurate description of intermolecular interactions of ILs 
[48,49,50,51] and ILs + MSs mixtures [52,53], including those involving alkanols [54]. 
Different types of molecular clusters were considered and optimized at the reported 
theoretical level. IR spectra were calculated and attention was paid to vibrations 
corresponding to functional groups which could be involved in hydrogen bonds. Interaction 
energies were calculated according to the following equations: 
 
 





where Emultimer stands for the counterpoise corrected energy of studied clusters (cation / 
anion ionic pairs or cation / anion / EtOH), Ei,monomers for the energy of each I monomer 
∆𝐸2 = ∆𝐸1 − ∆𝐸1,[BMIM][Tf2N] 
∆𝜈1 = 𝜈1 − 𝜈1,[BMIM]+  
∆𝜈2 = 𝜈2 − 𝜈2,EtOH  


















involved in the corresponding cluster, ΔE1,[BMIM][Tf2N] for the interaction energy in cation / 
anion ionic pair, ν1 for the stretching vibrational frequency of C-H(2) bond in imidazolium 
ring and ν2 for the stretching vibrational frequency of O-H bond in EtOH (in multimers), 
ν1,[BMIM]+ for ν1 in isolated [BMIM]
+ cation and ν2,EtOH for ν2 in isolated EtOH. The analysis of 
intermolecular interactions through quantum theory of Atoms in a Molecule (Bader’s theory 
[55], AIM) and Reduced Density Gradient methods (RDG) [56] was carried out with Multiwfn 
program [57]. 
 Regarding samples used for experimental measurements, [BMIM][Tf2N] was 
synthesized and characterized as previously reported [58] whereas commercial EtOH (Sigma-
Aldrich, 99.8 % purity) was used for all the measurements. [BMIM][Tf2N] + EtOH mixtures 
were prepared gravimetrically with a Mettler AT 261 balance (±1 10-5 g). Water content was 
determined before measurements with Karl Fischer coulometric titration (Metrohm 831 KF 
coulometer,  0.1 g samples,  ±0.3%), Table S1 (Supplementary Material).  
 Dynamics viscosities, η, were measured in the 293 to 323 K range, at 1 bar and in the 
full composition range using an electromagnetic VINCI Tech. EV1000 viscometer. The 
experimental procedure for viscosity calibration and measurements was described in detail 
in a previous work [59] leading to an uncertainty for the reported dynamic viscosity data of 
±2%. Refraction indices, nD, were measured for the sodium D-line using a Leica AR600 
thermostated refractometer (±0.01 K) to ±5 10-5 [60]. Raman IR study was carried out with a 
WITEC Alpha300R confocal Raman microscope operating at ambient temperature (20 ± 1 °C) 
with laser excitation at 531.92 nm. Procedures were validated by comparison of 
experimental properties obtained in this work for pure solvents with literature values 
showing excellent agreement, Table S2 (Supplementary Information). 
 
3. Results and discussion 
Analysis of [BMIM][Tf2N] – EtOH Interaction Using DFT. Considering that the subject of this 
study is the analysis of [BMIM][Tf2N] – EtOH interactions, first we will analyze the 
characteristics of hydrogen bonding in both independent systems, i.e. interactions between 
EtOH molecules and anion-cation interactions in [BMIM][Tf2N]. The characteristics of 
ethanol self-aggregation by hydrogen bonding in liquid state are well-known, showing 
interaction through hydroxyl groups with a separation of donor-acceptor separation of 2.8 Å 
















bonding has been also studied in the literature using quantum chemistry methods. Three 
different major conformers can be considered for EtOH monomers (defined according to the 
C-C-O-H dihedral): a trans and two gauche conformations [62], with trans conformer being 
the most stable although the energy difference between these three conformers is as low as 
0.119 kcal mol-1 [63]. Theoretical studies on EtOH dimmers have led to conflicting results, 
whereas some authors have proposed that trans-trans was the most stable dimmer [64] 
other studies have considered gauche-gauche as the most stable one [65]; nevertheless, the 
difference between both types of interaction is lower than 2 kJ mol-1. Results in Fig. 2 show 
the trans-trans EtOH dimmer calculated in this work, the donor-acceptor distance and the 
counterpoise corrected interaction energy agrees with previous literature results [64,65]. 
The formation of trans-trans dimer reported in Fig. 1 leads to an increase of O-H bond 
distance, r2 in Fig. 1, specially for OH group acting as hydrogen bond donor, Table 1. This 
EtOH-EtOH interaction leads to large redshifting of the vibrational frequencies of stretching 
vibrations of OH group acting as hydrogen bond donor and almost negligible changes for the 
acceptor OH group, Table 2. 
 The properties of [BMIM] - [Tf2N] interaction were analyzed in the following step. The 
conformational equilibrium of [Tf2N] anion has been studied in the literature [66], with two 
conformers, c1 and c2  (Fig. 3), present at equilibrium because of the small energy difference 
between them ( 3.5 kJ mol-1, with c2 being the lowest energy conformer). This is 
reproduced by results in Fig. 3 at the considered theoretical level. Regarding the [BMIM] - 
[Tf2N] ionic pairs, the interaction of c1 and c2  [Tf2N] conformers with [BMIM] cation through 
CH(2) site (Figs. 4a and 4b) and through CH(1) sites (Fig. 4c and 4d) were considered. 
Previous literature studies have showed that [Tf2N] anion interacts preferently through 
[BMIM] CH(2) position [67,68,69], which is confirmed by results reported in Fig. 4. Energy 
differences between ionic pairs interacting through CH(2) and CH(1) sites are large enough 
to consider that this IL will develop hydrogen bonding through CH(2) site. The lowest energy 
interacting pair correspond to the one in which [Tf2N] anion in c2 conformer interacts with 
cation through CH(2) site, Fig. 4b, whereas the energy difference regarding to the pair 
corresponding to c1  conformer at cation CH(2) is larger than RT at 298.15 K, Fig. 4a, which 
should lead to a preference for the interaction according to mechanism reported in Fig. 4b 
[70,71]. [Tf2N] in the c2  conformer allows a stronger hydrogen bonding through CH(2) 
















hydrogen bonding through imidazolium CH(1) sites has larger donor – acceptor distances, 
i.e. weaker interactions are produced, Figs. 4c and 4d. Therefore, anion-cation interaction 
through CH(2) imidazolium site leads to large interaction energy, enlargement of C-H(2) 
bond distance (r1) in comparison with isolated cation, and a large redshifting of C-H(2) 
stretching frequency (ν1), Table 1. Larger anion-clusters were considered containing two 
cations and two anions, with anions in c1 or c2 conformers, Fig. 5. Results for the lowest 
energy conformers are reported in Fig. 5 for cation-anion-cation-anion linear clusters show 
that the configuration containing both anions in c1 conformer, Fig. 5a, leads to lower 
energies than the one containing both anions in c2 conformer, Fig. 5b. Comparison of results 
in Figs. 5 and 4 show that the formation of larger anion-cation clusters leads to an 
enlargement of donor-acceptor distances for hydrogen bonding through imidazolium CH(2) 
site, but this effect is more remarkable for c2 conformer, which would justify its larger 
energy. Likewise, results in Fig. 5 show that anion-cation interactions through the 
imidazolium CH(1) site can be developed through the anion oxygen atoms allowing effective 
interaction of anion with one neighbor cation through the CH(2) site and with the other one 
though the CH(1) site. 
 The DFT analysis of [BMIM] - [Tf2N] – EtOH complexes was carried out considering 
anion-cation interacting through CH(2) site, Fig. 6, or through CH(1) site, Fig. 7 (although 
with lower interaction energies, in absolute value, than those for interactions through CH(2) 
site), and thus the possible interaction sites for EtOH were studied for each arrangement. 
Regarding cluster containing anion-cation pairs interacting through CH(2) site (with lower 
energies than those through CH(1) site), seven lowest energy configurations were obtained, 
Fig. 6, which main properties are reported in Table 2. These configurations lead to large 
interaction energies (ΔE1) in the order #7 > #3 > #2 > #1 > #4#5 >#6. This ordering shows 
that configurations with EtOH interacting with oxygen atoms in [Tf2N] anion (#7, #3, #2 and 
#1) lead to larger interaction energies than those with the EtOH interacting with the 
imidazolium cation through the CH(1) site (#4, #5 and #6), in agreement with larger EtOH 
contributions to the total interaction energy (ΔE2), Table 1. This agrees with previous results 
showing the trend of EtOH molecules to develop hydrogen bonding with [Tf2N] in liquid 
phase [59]. Likewise, EtOH – [Tf2N] interaction leads to large redshifting of EtOH OH 
stretching frequency (ν2), whereas small redshifting are obtained for ν2 redshifting when 
















to changes in anion-cation hydrogen bonding through CH(2) site, as confirmed by the larger 
donor-acceptor distance (d1), shorter C-H(2) bonds (r1) and smaller redshifting for ν1, in 
comparison with ionic pair in absence of EtOH, Table 2. Therefore, interaction with EtOH 
leads to a weakening of anion-cation interactions, which is balanced by the contribution 
rising from anion-EtOH hydrogen bonding. Results in Table 2 also show that the strength of 
anion-EtOH hydrogen bonding (ΔE2) are in the range or larger than those for EtOH-EtOH 
interactions (Table 2 and Fig. 2), and thus, in liquid [BMIM] – [Tf2N] – EtOH  the development 
of anion-EtOH interactions would be superior than that of EtOH-EtOH hydrogen bonding, i.e. 
disrupting EtOH hydrogen bonding network upon mixing. Regarding the interaction of EtOH 
molecules with ionic pairs interacting through cation CH(1) site, results in Fig. 7 show that 
EtOH-cation hydrogen bonding through CH(2) site (#8 and #9, Fig. 7) leads to similar 
interaction energies of those structures with EtOH interacting with cation through CH(1) 
sites (#4, #5 and #6 in Fig. 6 and Table 2). Likewise, anion-EtOH interaction can be also 
developed effectively when anion is hydrogen bonded to cation in CH(1) site leading to 
structures with slightly lower interaction energies than those when anion is hydrogen 
bonded with cation through CH(2) site (#11 in Fig. 7 compared with #7 in Fig. 6 and Table 2. 
 AIM and RDG analysis of [BMIM] – [Tf2N] – EtOH interaction is reported in Fig. 8 for 
the lowest energy conformer (#7 in Fig. 6 and Table 2). The topological properties of the 
interactions in [BMIM] – [Tf2N] – EtOH cluster are characterized by the presence of several 
bond critical points (BCPs, type (3,-1) according to Bader’s [55]) and ring critical points (RCPs, 
[55]), Fig. 8a. Anion-cation hydrogen bonding through CH(2) site is characterized by a BCP 
(blue dot #1 in Fig. 8a) between CH(2) hydrogen atom and nitrogen atom in the anion, but 
closer to the hydrogen atom. The definition of hydrogen bonding according to AIM theory 
stands that electron density, ρ, and laplacian of electron density, 2ρ, must be in the range 
0.002 to 0.04 a.u. and 0.020 to 0.139 a.u, respectively [72], and thus values for BCP #1 show 
that anion-cation hydrogen bonding is in the middle range of strength according to AIM 
theory even with the presence of one EtOH molecule hydrogen bonded to the anion, i.e. the 
weakening mentioned in previous paragraphs upon interaction with EtOH is not large and 
most of the properties of anion-cation interaction through CH(2) site are maintained. 
Likewise, anion-cation interaction is also characterized by the presence of BCPs (blue dots #2 
and #3, Fig. 8a) between the hydrogen atoms of the alkylimidazolium chains close to the ring 
















those for BCP #1 they are inside the AIM range for defining hydrogen bonds. The EtOH – 
anion interaction through the anion oxygen atom is also characterized by a BPC (blue dot #4 
in Fig. 8a) with ρ and 2ρ larger than those for BCP #1, showing strong EtOH – anion 
hydrogen bonding. Likewise, the presence of additional BCPs and several RCPs both in the 
space around anion-cation hydrogen bonding in CH(2) site and around the EtOH-anion 
hydrogen bonding, Fig. 8a, show additional intermolecular interactions contributing to the 
stabilization of the clusters, which although weaker than the mentioned hydrogen bonds 
would lead to efficient global interactions in liquid state. Regarding the RDG analysis 
reported in Fig. 8b shows that the intermolecular regions corresponding to the possible 
hydrogen bonds leads to RDG spots indicating moderately strong hydrogen bonds (light blue 
areas) whereas additional spots corresponding to strong van der Waals interactions (green 
areas) are obtained in other intermolecular regions showing additional contributions to the 
total interaction energy. 
 
Thermophysical Properties. Results in previous section analysed using DFT methods the 
properties of intermolecular interactions considering small sized clusters because of 
computational restrictions, thus obtaining a picture of forces acting on short range. 
Nevertheless, additional features are present in bulk liquids phase in which medium and 
long-range effects must be considered together with steric effects not considered in gas 
phase calculations. Selected experimental properties were measured in the full composition 
range are discussed in this section. 
 Several authors have experimented the physicochemical properties of [BMIM][Tf2N] 
+ EtOH mixtures. Heintz  et al. [73] and measured the activity coefficient at infinite dilution 
of EtOH in [BMIM][Tf2N] leading to a value of 1.88 at 298.15 K, in agreement with strong 
solute-solvent interactions. Andreatta et al. [44] measured density, viscosity and refractive 
index of [BMIM][Tf2N] + EtOH at 298.15 K in the full composition range, showing negative 
excess volume (with minima for EtOH rich mixtures) and negative deviations from linearity 
for viscosity (with minima for equimolar mixtures). Experimental properties obtained in this 
work are reported in Tables S3 and S4 (Supplementary Information). Experimental dynamic 
viscosity data were fitted to Vogel-Fulcher-Tamman equation, with fitting parameters 
reported in Table S5 (Supplementary Information). Results obtained in this work for dynamic 
















at 298.15 K [44], Fig. 9. The composition and temperature dependence of the studied 
properties is reported in Fig. 10. Refraction index, nD, follows a non-linear evolution with 
increasing [BMIM][Tf2N] molar fraction, x, showing a steeped increase up to x0.2 and then 
a small linear increase up to pure IL. This behavior leads to positive deviations of linearity,  
ΔnD, with maxima at x0.2 for all the studied temperatures, Fig. 10a. These results are 
justified considering that negative excess volume (with minima at x0.2 [44]) points to less 
available free volume than in ideal mixtures [74,75], which leads to larger nD than from 
linear evolution from composition, i.e. positive ΔnD with maxima at the same mixture 
composition than excess volume minima. Therefore, results in Fig. 10a reporting the effects 
of the addition of the studied IL to EtOH show that although having a disruptive effect 
amongst the EtOH, intermolecular forces leads to highly efficient molecular packing. 
Regarding these volumetric effects, they are relevant up to x0.2 from which IL dominated 
fluids are formed and thus linear evolution of nD is inferred. The free volume origin of the 
behavior of nD with mixture composition is confirmed by the increase of ΔnD with increasing 
temperature. 
 Viscosity behavior is very different than that of excess volume and refraction index. 
The viscosity of both neat fluids is very different and viscosity increases in a non-linear way 
with increasing IL mole fraction leading to negative mixing dynamic viscosity, Δη, in the 
whole composition range for all the studied isotherms with the observed minima around 
x0.6, Fig. 10b. These results are analyzed considering that the evolution of viscosity with 
mixture composition should depend on free volume effects, on the size and shape of the 
diffusing molecules and on the strength of intermolecular forces. For IL rich mixtures, EtOH 
molecules would disrupt large ionic clusters, i.e. decreasing viscosity, and at the same time 
they would develop hydrogen bonds with anions, but negative mixing dynamic viscosity 
shows the prevailing disrupting role of EtOH molecules. Therefore, disrupting effect of EtOH 
molecules on ILs interactions would control mixtures viscosities for IL-rich solutions. 
Regarding, EtOH rich mixtures, results in Fig. 10b show that although the size of IL cluster 
would increase with increase IL mole fraction, the moderate viscosity increase up to roughly 
equimolar mixtures points to small IL cluster solvated by EtOH molecules hydrogen bonded 
between them. The decrease, in absolute value, of Δη with increasing temperature, but 
















with increasing temperature, leading to smaller molecular clusters diffusing in a medium 
with lower free volume, i.e. viscosities closer to linear behavior with composition. 
 
Intermolecular Forces from Raman Spectroscopy. Raman IR spectra provides direct proofs 
of intermolecular forces in bulk liquid phases. The Raman spectra for [BMIM][Tf2N] + EtOH 
mixtures is complex, and thus the analysis was carried out selecting relevant spectral regions 
considering the most relevant functional groups regarding intermolecular forces. Results in 
Fig. 11 show the behavior in the 3100 to 3300 cm-1 corresponding to the stretching 
vibrations of OH group in EtOH. Previous literature studies [76] have showed that this region 
corresponds in neat EtOH to four gaussian peaks assigned to (peak1) OH in ethanol 
monomers (3588 cm-1), (peak2) OH involved in weak interactions with neighbor EtOH 
molecules (3474 cm-1), (peak3) OH involved in a single hydrogen bond, acting as donor (3362 
cm-1), and (peak4) OH participating in two hydrogen bonds, i.e. OH groups acting as donor 
and acceptor (3244 cm-1). The distribution of these peaks through peak deconvolution in 
pure EtOH would be 3.8, 20.7, 38.9 and 36.6 % for peaks1 to peak4, respectively [76]. 
Therefore, experimental Raman spectra were deconvoluted using Gaussian peaks, with 
linear baseline correction, for the 3100 to 3700 cm-1 range. The four peaks obtained were 
3540, 3455, 3351 and 3244 cm-1 (for peak1 to peak4, respectively) in neat EtOH, 
corresponding to 7.0, 20.9, 48.7 and 23.4 % distribution percentages, which is in reasonable 
agreement with previous literature results [76], and shows a minor fraction of monomers 
with most of liquid EtOH corresponding to EtOH molecules involved in hydrogen bonding. 
The evolution of 3100 to 3700 cm-1 region with mixture composition shows remarkable 
changes with increasing IL concentration, Fig. 11. The most remarkable feature with 
increasing [BMIM][Tf2N] is the increase of peak1 and the decrease of the peaks below 3500 
cm-1 corresponding to hydrogen bonded EtOH molecules. The frequency of peak1 shifts from 
3540 cm-1 in neat EtOH to 3573 cm-1 for [BMIM][Tf2N] 2.29 M solutions. For [BMIM][Tf2N] 
concentrations larger than 2.5 M it was not possible to deconvolute peaks and a single peak 
at 3573 cm-1 with a shoulder at lower frequencies was inferred. The evolution with 
[BMIM][Tf2N] concentration of the percentage area of the four peaks in the 3100 to 3700 
cm-1 region is reported in Fig. 12. These results show the vanishing of peak IV for 
concentrations larger than 1.5 M but the population of EtOH participating in two hydrogen 
















concentration but showing relevant population for concentrations lower than 2.0 M.  The 
additional relevant features in Fig. 12 are the increase of peak 1 and peak 2 with increasing 
IL concentration showing that for concentrations larger than 2.0 M these two features lead 
to 98 % of the total peak area. Therefore, these results show that the addition of the studied 
IL decreases the degree of association of EtOH, which evolve toward monomers or 
molecules developing single hydrogen bonds. The increase of peak II can be attributed to 
EtOH molecules hydrogen bonded to ions. Two additional spectral regions were considered 
in the analysis, Fig. 13. The 2800 to 3100 cm-1 region corresponds to stretching vibrations of 
C-H groups in imidazolium rings (CH(2) and CH(1)), peaks above and below 3000 cm-1 [77], 
and to vibrations of EtOH C-H groups, which appear at lower frequencies, Fig. 13a. Regarding 
the peaks corresponding to imidazolium CH groups, they do not show any shifting with 
increasing IL concentration, and thus, the interaction of EtOH with [BMIM] cation should be 
discarded. Results in Fig. 13b corresponds to spectra in the 1000 to 130 cm-1, which contains 
relevant vibrational features of [Tf2N] anion. The peak at 1245 cm
-1 corresponds to the 
symmetric stretching of CF3, and its frequency does not change when the IL is mixed with 
EtOH, i.e. EtOH molecules are not hydrogen bonded to this functional group in the anion. 
The peaks in the 1040 to 1080 cm-1 correspond to symmetric stretching vibrations of the SO 
group in [Tf2N] and to the CO group in EtOH (at lower frequency), peaks corresponding to SO 
group suffer a weak shifting and thus the interaction of EtOH with this functional group is 
also weak. This agrees with the evolution of EtOH association reported in Fig. 12, which 
show increasing population of monomers and weakly bonded molecules, and thus, 
confirming that the main role of the studied IL on EtOH structuring is disruption through the 
decrease of EtOH hydrogen bonding by increasing the population of monomers and 
molecules weakly bonded to the anion in the IL. 
 
4. Conclusions 
Intermolecular forces in 1-butyl-3-methylimidazolium Bis(trifluoromethylsulfonyl)imide + 
ethanol mixtures were studied using a combination of quantum chemistry, thermophysical 
and Raman spectroscopy studies. The reported results showed that these binary mixtures 
are characterized by the disruptive effect of the studied ionic liquid on ethanol structure, 
which leads to an increase in the monomers population with increasing ionic liquid 
















the theoretical results show, the large trend to develop cation-anion interactions seems to 
hinder ethanol-ion hydrogen bonding, which is limited to weak ethanol-anion ones. Only for 
ionic liquid concentrations lower than 1.5-2 M ethanol are remarkably self-hydrogen bonded 
both in dimmers or larger associates. This justifies the large deviations from ideality of these 
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Selected relevant properties for isolated [BMIM]
+









/ EtOH (Fig. 5) clusters, obtained from optimizations at B3LYP / 6-31+G(d,p) theoretical level. Distances 
(r1, r2 and d1) and vibrational frequencies (ν1 and ν2) are defined according to Fig. 1; the remaining properties 
are defined according to eqs. (1-4) 
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Fig. 1. Molecules studied in this work together with labelling for relevant distances (r1, r2
 
and d1) and stretching 
vibrational frequencies (ν1 and ν2). 
 
Fig. 2 Geometry of EtOH dimer from optimization at B3LYP / 6-31+G(d,p) theoretical level. ΔE shows 
counterpoise corrected interaction energy. 
 
Fig. 3. Geometries of C1 and C2 conformers of [Tf2N]
-
 obtained from optimizations of isolated anions at B3LYP / 
6-31+G(d,p) theoretical level. ΔE shows counterpoise corrected energy difference between both conformers (C1 
conformer more stable). 
 




 ionic pairs obtained from optimizations of isolated pairs at B3LYP / 6-
31+G(d,p) theoretical level. ΔE shows counterpoise corrected energy difference with reference to interacting 
pair in panel b. The four reported conformations show interactions through (a,b) CH(2) and (c,d) CH(1) position 
of the imidazolium ring in the cation for (a,c) C1 and (b,d) C2 conformers of [Tf2N]. 
 








 cluster calculated at B3LYP / 6-31+G(d,p) theoretical 
level. ΔE shows counterpoise corrected energy difference with reference to interacting pair in panel a. 
 




 ionic pairs interacting with EtOH molecules calculated at B3LYP / 6-




 interactions through CH(2) site. 
 




 ionic pairs interacting with EtOH molecules calculated at B3LYP / 6-




 interactions through CH(1) site. 
 




 / EtOH cluster  (structure #7 in Fig. 6). In panel a, (blue 


















Fig. 9. Comparison of experimental dynamic viscosity, η, and mixing dynamic viscosity, Δη, for x [BMIM][Tf2N] + 
(1-x) EtOH mixtures at 298.15 K obtained in this work (black symbols) and from Andreatta et al. [44] (empty 
symbols). Lines show polynomial (η) or Redlich-Kister (Δη) fittings for guiding purposes. 
 
Fig. 10. (a) Refraction indices, nD, and deviations from linearity in refractive indices, ΔnD, (b) dynamic viscosity, 
η, and mixing dynamic viscosity, Δη,  in x [BMIM][Tf2N] + (1-x) EtOH mixtures at several temperatures. Points 
show experimental data and lines polynomial (for nd and η ) or Redlich-Kister (for Δnd and Δη) fittings for 
guiding purposes. 
Fig. 11. Raman spectra in the 3100 to 3700 cm
-1
 region for [BMIM][Tf2N] + EtOH mixtures as a function of 
[BMIM][Tf2N] molar concentration, c, at ambient temperature (22 ⁰C). Panel (a) shows experimental results 
and panels (b) to (g) show deconvolution using gaussian profiles (dashed lines) and the sum of these gaussian 
profiles (red curves). 
 
Fig. 12. Percentage contribution to the total area, % area, for peaks reported in Fig. 11. Peaks I to IV are 
numbered according to increasing wavenumber. 
 
Fig. 13. Raman spectra in selected frequency ranges for [BMIM][Tf2N] + EtOH mixtures as a function of 




























































































































































































































































ΔE = 7.42 kJ mol-1 ΔE = 0 kJ mol-1
ΔE = 31.80 kJ mol-1 ΔE = 30.28 kJ mol-1



















































































































































































ρ / a.u.    2ρ / a.u.
1 0.0236      0.0612
2 0.0139      0.0443
3 0.0110      0.0352
4 0.0259      0.0764 H-bonding van der Waals         repulsion































































































































































































































































(b) EtOH (c) c=0.99 M (d) c=1.57 M
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